EAR-infrared spectroscopy (NIRS) has provided a potential noninvasive means of monitoring changing levels of the chromophores (oxygenated hemoglobin (HbO 2 ), deoxygenated hemoglobin (Hb), and cell-oxidized cytochrome aa 3 (CytO 2 )) in organs including the brain. 17, 18, 23, 24 The method has been used most extensively in the neonate in whom transmission spectroscopy is possible. 1, 2, 4, 7, 11, 23, 27, 28, [32] [33] [34] This allows accurate measurement of the light path length necessary for solving BeerLambert's equation for quantitative estimations of the above chromophores from optical attenuation within the brain. 5 An absolute measure of changing brain Hb saturation and blood volume is possible and has provided a means of monitoring the cerebrovascular response to certain therapeutic manipulations in critically ill infants. In the larger adult head, only reflectance spectroscopy (scattered light sampled by an ipsilateral receiving probe) is possible. An estimation of light path length can be calculated, 28 but the contribution from extracranial tissues remains unresolved; therefore the use of NIRS in the adult brain is presently considered nonquantitative. Despite these concerns, NIRS has been used to demonstrate predictable physiological changes in cerebral HbO 2 and Hb content in adult volunteers in response to respiratory changes, 8, 16 temporary carotid compression, 12 external photic stimuli, 17,19 cognitive challenge, 22 and application of lower-body negative pressure.
sively in the neonate in whom transmission spectroscopy is possible. 1, 2, 4, 7, 11, 23, 27, 28, [32] [33] [34] This allows accurate measurement of the light path length necessary for solving BeerLambert's equation for quantitative estimations of the above chromophores from optical attenuation within the brain. 5 An absolute measure of changing brain Hb saturation and blood volume is possible and has provided a means of monitoring the cerebrovascular response to certain therapeutic manipulations in critically ill infants. 6 In the larger adult head, only reflectance spectroscopy (scattered light sampled by an ipsilateral receiving probe) is possible. An estimation of light path length can be calculated, 28 but the contribution from extracranial tissues remains unresolved; therefore the use of NIRS in the adult brain is presently considered nonquantitative. Despite these concerns, NIRS has been used to demonstrate predictable physiological changes in cerebral HbO 2 and Hb content in adult volunteers in response to respiratory changes, 8, 16 temporary carotid compression, 12 external photic stimuli, 17, 19 cognitive challenge, 22 and application of lower-body negative pressure. 13 A potential clinical application for detection of intracranial hematomas has also recently been reported. 14 Using HbO 2 as a nondiffusible indicator, estimates of cerebral blood flow have also been achieved. 9 The use of NIRS in these circumstances demonstrates the sensitivity of the method and the high temporal resolution it provides.
In this pilot study we used cranial NIRS in patients during carotid endarterectomy. The object of the study was 1) to determine whether NIRS is capable of detecting changes in cranial chromophore concentration during cross-clamping of the carotid vessels under conditions of general anesthesia; 2) to assess the relative contributions to signal changes from the extracranial and intracranial tissues; and 3) to compare NIRS signal variations with changes in ipsilateral cerebral electrical activity and cerebral blood flow velocities monitored throughout the procedure. In approximately half the patients, a rapid change in the HbO 2 and Hb signals followed cross-clamping and unclamping of the ipsilateral internal carotid artery (ICA). These changes correlated closely with the observed changes in middle cerebral artery (MCA) flow velocity measured with transcranial Doppler techniques, and the contribution from the extracranial tissues appeared to be insignificant.
Clinical Material and Methods
The NIRS system* used has six pulsed-laser diodes generating near-infrared light of six wavelengths (780, 808, 821, 850, 870, and 904 nm), which are carried to the patient via a fiberoptic cable (optode). Scattered light is collected by a second optode and detected by a photomultiplier tube. The three main chromophores in brain parenchyma are HbO 2 , Hb, and CytO 2 , each having a characteristic absorption spectrum for the individual transmitted wavelength. The NIR system has adopted the algorithm of Wray, et al., 31 to calculate changes in chromophore concentration from their respective absorption spectra. The machine has a maximum sampling frequency of 2 Hz and allows the data to be displayed graphically or numerically as changes in chromophore concentration (micromole per centimeter). An estimate for the path length (in centimeters) can be entered that allows the hardware to calculate the absolute changes in chromophore concentration (micromole per liter). Signals of changing chromophore concentration were transferred and registered (see below) as deflections from a zero baseline.
Patient Population
Thirteen successive patients undergoing unilateral carotid endarterectomy for occlusive vascular disease were included in the study (Table 1) . They presented with a history of transient ischemic attacks, amaurosis fugax, or a single nondebilitating stroke. All were shown on digital subtraction angiography to have a significant (50% to 90%) focal stenosis at the bifurcation of the carotid artery. Of three patients, significant (in one) or complete (in two) stenosis was also present on the opposite side.
Anesthesia and Intraoperative Monitoring
Prior to surgery, patients were given 10 to 20 mg of temazepam. Standard anesthesia involved preinduction with preoxygenation, fentanyl (2 to 3 mg/kg), and midazolam (2.5 mg); induction with thiopentone (3 to 5 mg/kg) and pancuronium (0.1 mg/kg); and maintenance with isoflurane (up to 1%) in a nitrous oxide (60%) and oxygen (40%) mixture that remained unaltered throughout the procedure. Mean arterial blood pressure (MABP) was measured invasively (20-gauge radial catheter), arterial oxygen saturation was continuously monitored using pulse oximetry and maintained between 98% and 100%, and end-tidal CO 2 at between 3.8 and 4.2 kPa. A threelead cerebral function monitor was attached to the scalp, and the MCA was insonated with a 2 MHz pulsed probe at the depth of 5.3 to 6.2 cm.
The two NIRS probes were positioned on the frontal region with the receiving probe 2 cm from the midline and 2 cm above the supraorbital ridge. The transmitting probe was placed 6 cm away, and toward the coronal suture. A small patch of hair was shaved if necessary. Probes and leads were secured with adhesive tape, and a pressure bandage applied beneath a lightproof cloth. The spectroscope was allowed to reach operating temperature for 1 hour, initiated, and normalized at the start of the neck dissection.
Operative Technique
When baseline recordings on all measured signals were stable, surgery was started. After exposure of the common, internal, and external carotid arteries, the sinus nerve was infiltrated with 1 ml of 0.5% bupivacaine local anesthetic, and the patient was given 5000 U of heparin 2 minutes before trial cross-clamping of the ICA. If flow velocity fell and remained below 50% of baseline values, or if there was a sharp and sustained fall in the cortical activity seen on the cerebral function monitor, the clamp was removed and a shunt was placed. Otherwise, endarterectomy was undertaken in the conventional manner. On completion of this procedure and repair of the arteriotomy, the external and common carotid clamps were removed, allowing 1 minute of external carotid territory reperfusion before releasing the ICA clamp.
Data Collection, Processing, and Analysis
Signals of MABP, flow velocity and cerebral function monitor were sampled at a frequency of 40 Hz and digitized using a 12-bit analog-to-digital converter, and arterial blood pressure and flow velocity were calibrated in appropriate units. A path length factor of 5.93, 30 and an interoptode distance of 6 cm were adopted, allowing NIRS signal changes to be recorded in micromoles per liter. Signals were computed after filtration of high-frequency noise and artifacts, and averaged over consecutive 12-second periods. The software, which was developed by one of the authors (M.C.), calculated the heart rate and flow velocity pulsatility index (PI), and added the change in HbO 2 and Hb signals to give an estimate of changing total hemoglobin (tHb).
Data were stored on a portable personal computer, and a computer-generated graphic display of the signals was provided to assist in the intraoperative assessment of each patient. Collection of data continued until the skin was closed. These data were analyzed using a repeated-measure design. The following variables were considered: flow velocity, PI, HbO 2 , Hb, and tHb. All analyzed variables were measured and averaged in three time periods: 1) before application of the ICA clamp (treated as baseline); 2) during application of the ICA clamp; and 3) after removal of the ICA clamp.
The following factors were checked: normality assumption (using Shapiro-Wilk's test); homogeneity of variance (using Cochran's C test); and homogeneity of dispersion of matrices (using multivariate Box's M test). 3, 21 After confirmation of the validity of assumptions, repeatedmeasure analysis of variance was applied.
Results

Surgical Procedure
Operative procedures were uneventful in nine patients (Table 1) . In three patients (Cases 8, 12, 13) intraoperative shunts were placed. In Case 10, the medial wall of the ICA was breached inadvertently, resulting in a prolonged cross-clamp time of 61 minutes. In the remaining 12 cases, mean cross-clamp time was 21.6 minutes (range 12 to 35 minutes). The mean time from final release of ICA cross-clamp to skin closure was 15.6 minutes (range 12 to 23 minutes).
Observations in Individual Patients
Steady-state baseline NIRS (HbO 2 , Hb, CytO 2 ), flow velocity, and cerebral function monitor signals were obtained in all patients during skeletonization of the carotid system. In five individuals, cross-clamping of the ICA resulted in no detectable change in any parameter measured. In the remaining eight, ICA cross-clamping resulted in an immediate decrease in the flow velocity and PI. In seven of these patients the fall in flow velocity was accompanied by a rapid decrease in the HbO 2 signal and increase in Hb signal. A representative example of such an event is seen in Fig. 1 left. The decrease in flow velocity was closely correlated with a fall in the HbO 2 signal (Fig.  1 upper right) , and the changes in HbO 2 and Hb were reciprocal ( Fig. 1 center right) . Changes in flow velocity, HbO 2 , and Hb were simultaneous within 12 seconds, the time resolution of methods adopted for the data sampling.
On application and subsequent releasing of the external carotid clamp, no change in any measured parameter was noticed in any patient. In those eight individuals who demonstrated changes in flow velocity on ICA crossclamping, release of the clamp resulted in a return of the flow velocity signals toward the baseline values ( Fig. 1 left and Fig. 2A , B, and C). This was accompanied by a rapid recovery of HbO 2 and Hb toward the preclamp baseline. A trend toward recovery of these respective signals was observed before clamp release in three patients, and in two of these the recovery was complete (Fig. 2A) Use of near-infrared spectroscopy in carotid endarterectomy five patients, a transient hyperemic phase was noted with flow velocity rising above the preclamp baseline ( Fig. 1  left and Fig. 2B and C) . This hyperemia was always accompanied by a closely coupled rise in the HbO 2 levels to above the preclamp baseline (Figs.1left and lower right, 2B and C) unaccompanied by any significant fall of Hb below baseline values. Thus, in these individuals, tHb increased during this period.
In patients in whom shunts had been placed, flow velocities recorded with the open shunt in situ were 10% to 30% below baseline values. In two of these (Cases 8 and 12), a fall in HbO 2 and reciprocal rise in Hb signal were seen on ICA cross-clamping, which recovered during the period of shunting (Fig. 2B) . Transient hyperemic responses occurred on final ICA clamp release with associated rises in HbO 2 and tHb content. The temporal changes in flow velocity, cerebral function monitor, and HbO 2 and Hb from the patient in Case 13, in whom an intraoperative shunt was used, are shown in Fig. 2C . In this case abrupt changes in HbO 2 and Hb on ICA crossclamping were not observed despite flow velocity falling to zero with a fall in the cerebral function monitor activity. However, the deoxygenated Hb signal increased toward the end of the endarterectomy, and only recovered on completion of the repair of the arteriotomy and release of the ICA cross-clamp. A marked transient hyperemic response associated with increased HbO 2 content was seen on final clamp removal.
In Case 7, difficulty was encountered in insonating the MCA perioperatively, and no change in flow velocity was seen on cross-clamping the ICA. However, an immediate fall in HbO 2 and rise in Hb was detected, and this was later followed by a decline of the cerebral function monitor trace (Fig. 2D) . These signals all returned to normal after carotid endarterectomy (clamp time 12 minutes). On insonation after revascularization, the MCA was easily detected in a different position, indicating that the observed intraoperative flow velocity signal was not that of the MCA. No change in CytO 2 was seen in any patient during any part of the surgical maneuver.
All patients made uneventful postoperative recoveries without evidence of cerebral ischemia.
Statistical Analysis
The results of data analysis are shown in Table 2 and Fig. 3 . The MABP remained unaltered throughout the recordings in all patients.
FIG. 3. Graphs displaying mean values of flow velocity (FV)
, HbO 2 , Hb, and total hemoglobin (tHb) from all 13 patients undergoing carotid endarterectomy (see Clinical Material and Methods for statistical analysis, and Table 2 ). Following application of the internal carotid cross-clamp, a significant fall in FV and HbO 2 occurred. There was also a significant increase in Hb content. After release of the cross-clamp, HbO 2 was significantly raised over the preclamp baseline levels, whereas Hb and FV regained baseline values. The calculated tHb content showed little change during cross-clamping, but the increased HbO 2 resulted in an increase in tHb that failed to reach statistical significance (p = 0.08). Bars = 95% confidence limits for means.
Analysis of data from all 13 patients indicated that flow velocity, PI, and HbO 2 fell significantly after ICA crossclamping, while Hb increased significantly over preclamp baseline values. The magnitude of the mean changes in HbO 2 (Ϫ1.69 mol/L) and Hb (+2.10 mol/L) were not significantly different, hence no change in tHb was detected. Flow velocity correlated very closely with HbO 2 and Hb in individual cases ( Fig. 1 upper right and lower  right) , but the slope and intercept of the regression lines varied considerably between patients. Despite this, group analysis showed a significant (p Ͻ 0.05) correlation between flow velocity and HbO 2 (r = +0.611), and flow velocity and Hb (r = Ϫ0.43).
The mean postclamp HbO 2 content was significantly raised above preclamp values (+1.25 mol/L). The remaining parameters showed no significant difference over preclamp baseline values. Total Hb was raised because of the increased HbO 2 (+1.13 mol/L), but just failed to reach statistical significance for the whole group (p = 0.08).
Discussion
In patients undergoing carotid endarterectomy, transient cerebral hypoperfusion is induced under relatively constant systemic conditions of arterial blood gases and blood pressure. However, the degree of cerebral hypoperfusion in this heterogeneous group of patients was variable and depended on collateral blood flow. Using NIRS we attempted to monitor changes in cerebral oxygenation during ICA cross-clamping. The high temporal resolution and sensitivity provided by NIRS allows real-time measurements that are necessary for detecting changes occurring during an ICA cross-clamp time of 10 to 45 minutes. A comparison has already shown that this method is a more sensitive method of detecting cerebral hypoxia than the scalp electroencephalogram, 20 and our provisional observations seem to support this contention, indicating that NIRS may provide an early warning of cerebral deoxygenation.
In this small pilot study, the use of NIRS as a clinical tool for predicting outcome following carotid endarterectomy cannot be addressed and would require data from several hundred patients. Rather, we have studied a surgical group in which selective clamping of the external and internal carotid arteries allows assessment of the NIRS signal contributions derived from extra-and intracranial tissues in the adult head. The method adopted samples from the same area of the frontal cortex that usually derives a blood supply from the ipsilateral carotid artery. Because there are both anatomical and pathophysiological variations in the collateral circulation within the frontal cortex, further experience with different probe positions is clearly needed. These issues are discussed separately.
Validation of NIRS
The application of NIRS in fully anesthetized and ventilated patients allows close monitoring of two important variables known to influence cerebrovascular hemodynamics: MABP and PaCO 2 tension. Analysis of the pooled data showed no significant change in MABP throughout the procedure, and PaCO 2 was reliably maintained between 3.8 and 4.2 kPa. We are therefore confident that the changes in NIRS signals result predominantly from reduced perfusion on application of the ICA cross-clamp. The possibility of light path length changes resulting from ionic shifts and cerebral swelling seems unlikely because profound reductions in cerebral perfusion reaching the threshold for electrical failure (prolonged cerebral function monitor depression) were not allowed to occur.
Topographical Resolution
The precise depth to which NIRS-derived light penetrates the cerebrum in adults is unknown but has been recorded in the region of 3 to 8 mm;
10,29 scattering of light occurs, hence the recording optode samples from a volume of tissue that surrounds the interoptode dimension. By positioning the optodes 6 cm apart over the frontal region, changes in chromophore levels are theoretically representative of a composite block of extra-and intracranial structures. The observation that no significant change in chromophore concentrations occurred on releasing the external carotid cross-clamp in any patient is important and suggests that the contribution from the extracerebral tissue to the signal changes recorded is small. Although we recognize the occurrence of intracranial-extracranial collateral blood flow, we would still expect a major contribution of blood flow to the extracranial tissues from the external carotid artery, which was patent in all patients in the present series. The application of a tight band to secure the optodes may render the underlying skin ischemic during the procedure, which may be an important technical factor in preventing extracranial contamination.
Quantification of the NIRS Signals
Assuming a tHb concentration of approximately 85 mol/L, 25 the relative maximum changes in HbO 2 and Hb seen on ICA cross-clamping are small (2% to 3.5%). An adult path length factor of 5.93 30 assumes that scattering occurs within the extracranial and intracranial tissues. Because no extracranial contribution has been detected in this study, the path length factor adopted may be excessive and may lead to underestimation of the chromophore changes. However, present estimations adopted for NIRS in clinical studies of the adult head await formal quantitative validation methods.
Intraoperative Observations
Although validation studies were not conducted in this study, the NIRS signal changes observed during carotid cross-clamping can be explained from basic physiological principles.
Relationships Between Flow Velocity and Hb Chromophores.
In patients who showed a fall in flow velocity and correlated reciprocal changes in HbO 2 and Hb during ICA cross-clamping, the change in oxygenation state was rapid and closely coupled to the flow velocity changes, suggesting that the region of cerebral parenchyma monitored by NIRS was purely from MCA territory. Our interpretation of these observations is that cross-clamping of the ICA resulted in a fall in cerebral blood flow that was not compensated by collateral flow and that increased oxygen extraction resulted in the reciprocal change in HbO 2 and Hb. In some patients, HbO 2 and Hb levels began to recover toward the baseline before removal of the ICA cross-clamp. This may be a consequence of slow opening of collateral vessels to the relatively hypoperfused region. As the flow velocity did not return to preclamp baseline in any of these three patients, we assume that this represents the opening of subpial collateral vessels rather than increased collateral flow at the level of the circle of Willis. Our observations are in agreement with the provisional report of Yamane, et al., 35 who described three categories of NIRS responses in patients undergoing carotid endarterectomy: 1) no change in HbO 2 concentration on ICA clamp application; 2) decrease in HbO 2 that showed recovery during clamping; and 3) decrease in HbO 2 on clamping that remained depressed until release of the clamp.
On release of the ICA cross-clamp, five patients showed a hyperemic response with an abrupt increase in flow velocity and HbO 2 signals that was not accompanied by any significant reciprocal fall in Hb. The initial rise in HbO 2 was closely correlated to the associated increase in flow velocity. In the absence of any detectable change in MABP and PaCO 2 tension, we envisage these changes as a consequence of reperfusion of a dilated collateral vascular bed. Because cerebral oxygen requirements remain constant during carotid endarterectomy, 15 reperfusion of a dilated vascular bed with fully oxygenated systemic blood will result in a relative increase in HbO 2 signal and an increase in tHb (see below).
In all three patients who underwent a shunt procedure, flow velocity remained below the preclamp baseline while the shunt was patent. In two of these cases the cerebral function monitor, HbO 2 , and Hg signals returned to their respective baseline value indicating adequate perfusion. In the third patient (Case 13) (Fig. 2C) , no immediate change in HbO 2 or Hb was seen despite dramatic changes in flow velocity and cerebral function monitor activity. However, the NIRS did register an increase in Hb during shunt employment. In this instance, we can only speculate that the NIRS was sampling from tissue in which collateral blood flow was adequate to maintain local oxygenation but vasodilated in response to the adjacent ischemic cortical region, resulting in a delayed increase in tHb and hyperoxygenemia on the final cross-clamp release.
Total Cerebral Hb Content. By summation of the individual Hb chromophore signals, an indication of the change in cerebral tHb can be estimated. 31 No change in tHb occurred after ICA cross-clamping, indicating no significant vasodilation during this period. This may reflect a nonreactive cerebrovascular bed, which is common in these patients. 26 However, in those individuals who demonstrated a hyperemic response, tHb increased as a result of the rise in HbO 2 signal, suggesting that vasodilation occurred once the monitored vascular bed was exposed to the full systemic arterial pressure. Analysis of data from all patients showed an increase in tHb content after clamp removal, which failed to reach statistical significance despite the significant rise in HbO 2 . The small number of people studied and the heterogeneity of responses to ICA cross-clamping are possible reasons for this observation.
Oxidized Cytochrome aa 3 Signals. In the present study, no change in CytO 2 signal was observed at any time. The sensitivity of this parameter to cerebral ischemia has yet to be established.
Conclusions
The results of this pilot study indicate that NIRS registers rapid changes of cerebral oxygenation during carotid endarterectomy and that the observed changes are derived from cerebral tissue without extracranial contamination. Approximately one-half of the patients developed evidence of cerebral deoxygenation on ICA cross-clamping with reciprocal changes in HbO 2 and Hb signals. These events were reversed on release of the ICA cross-clamp or placement of an intraoperative shunt, and subsequent hyperemia and hyperoxygenemia commonly occurred on reperfusion. Further experience and development of improved quantification and localization of NIRS-detected chromophore changes may provide an early warning of impending cerebral ischemia.
